To investigate early immune responses to the intracellular parasite Toxoplasma gondii, we examined the capacity of nonimmune splenocytes to respond in vitro to intact tachyzoites and soluble tachyzoite antigen (Ag). Both types of stimuli induced high levels of proliferation as well as interferon 3' (IFN-3") secretion. Based on several key criteria, the response appeared to be driven by a superantigen present in the parasite. Thus, stimulation of C57BL/6 spleen cells with T. gondii resulted in a preferential threefold expansion of a T cell population expressing the V35 chain of the T cell receptor, and a survey of different inbred mouse strains revealed an inverse correlation between Ag-induced proliferation and genetic deletion of VB5. Moreover, proliferation was induced using irradiated Ag-pulsed and infected splenic adherent cells, and was blocked by a major histocompatibility complex class II-specific monoclonal antibody. Furthermore, paraformaldehydefixed IA b-, IA k-, and IEk-transfected fibroblast lines were able to specifically bind T gondii Ag and drive proliferation of T lymphocytes, demonstrating that the response can be mediated by allogeneic class II molecules, and that it does not require cellular Ag processing. It is interesting to note that after 1 wk of culture with Ag, up to 70% of the expanded V35-expressing cells were CD8 +. These results provide the first description of a superantigen activity in a protozoan pathogen. In the case of T. gondii, superantigen-driven expansion of IFN-3'-secreting CD8 § lymphocytes may play a role in the development of the dominant IFN-3' -dependent, cell-mediated immunity characteristic of infection with this parasite.
Summary
To investigate early immune responses to the intracellular parasite Toxoplasma gondii, we examined the capacity of nonimmune splenocytes to respond in vitro to intact tachyzoites and soluble tachyzoite antigen (Ag). Both types of stimuli induced high levels of proliferation as well as interferon 3' (IFN-3") secretion. Based on several key criteria, the response appeared to be driven by a superantigen present in the parasite. Thus, stimulation of C57BL/6 spleen cells with T. gondii resulted in a preferential threefold expansion of a T cell population expressing the V35 chain of the T cell receptor, and a survey of different inbred mouse strains revealed an inverse correlation between Ag-induced proliferation and genetic deletion of VB5. Moreover, proliferation was induced using irradiated Ag-pulsed and infected splenic adherent cells, and was blocked by a major histocompatibility complex class II-specific monoclonal antibody. Furthermore, paraformaldehydefixed IA b-, IA k-, and IEk-transfected fibroblast lines were able to specifically bind T gondii Ag and drive proliferation of T lymphocytes, demonstrating that the response can be mediated by allogeneic class II molecules, and that it does not require cellular Ag processing. It is interesting to note that after 1 wk of culture with Ag, up to 70% of the expanded V35-expressing cells were CD8 +. These results provide the first description of a superantigen activity in a protozoan pathogen. In the case of T. gondii, superantigen-driven expansion of IFN-3'-secreting CD8 § lymphocytes may play a role in the development of the dominant IFN-3' -dependent, cell-mediated immunity characteristic of infection with this parasite.
T he obligate intracellular protozoan Toxoplasma gondii infects a wide range of host species and cell types. Infection with this parasite is characterized by an acute phase during which tachyzoites rapidly proliferate, and a slow-growing chronic phase consisting of the formation of bradyzoitecontaining cysts.
A remarkable feature of the parasite is that it induces longlasting immunity that renders the immunocompetent host strongly resistant to Toxoplasma reinfection. This immunity is striking in that it is characterized by production of high levels of IFN-y in both acute and chronic models of infection (1) (2) (3) . Indeed, IFN-3' is critical for immunity as determined by in vivo depletion studies (2) (3) (4) , and whereas Th-1 type CD4 + cells play a role in this response (3) , adoptive transfer experiments suggest that CD8 + cells may be the major source of IFN-3, in vivo (5) .
An issue of major importance in developing strategies of microbial vaccine development is to determine how immune responses becomes polarized towards a particular cytokine production phenotype such as a Thl (in the case of intracellular pathogens) or Th2 (during helminth infection) pattern. Biasing of the response should, by definition, be driven by events occuring during early contact with pathogen, before the development of acquired immunity. For this reason, we have recently examined T. gondii-driven responses that occur independently of those mediated by primed cells of the immune system.
One potential means of inducing a vigorous early immune response which might influence the subsequent development of acquired immunity could be through stimulation by a superantigen. This class of Ags binds to Ia molecules outside of the conventional peptide-binding groove and activates T lymphocytes bearing specific TCR V3 chains (6, 7) . Thus, in contrast to conventional Ags, which activate only the low frequency of T cells bearing the appropriate clonotypic receptor, superantigens stimulate large proportions of resting T cells based on V/~ chain expression, and this results in proliferation and in some cases secretion of cytokines such as IFN-3,, IL-2, and TNF-ot (8, 9) .
Two classes of superantigen have been described: those that are encoded within the host genome by viruses (e.g., Mtv T.gondiiAg Preparation. Soluble tachyzoite Ag (STAg) was prepared as described (11) by sonicating RH parasites in the presence of protease inhibitors and centrifugation at 10,000 g followed by extensive dialysis of the supernatant fraction against PBS.
Abs. For cell cytometric analysis, the following mAbs were used (Pharrningen, San Diego, CA): B20.6 (anti-V32), KJ-25 (anti-V33), MR9-4 (anti-V/~5), RR4-7 (anti-V36), TR310 (anti-V37), Mil5-2 (anti-V/~8), MR10-2 (anti-VB9), B21.5 (anti-V310), RR3-15 (anti-V311), MR11-1 (anti-V312), MR12-3 (anti-V313), 14-2 (anti-V314), RM4-5 (anti-CD4), and 53-6.7 (anti-CD8). The V3 chain-, and the CD4-and CD8-specific Abs were directly labeled with FITC (V3 specific) and PE (CD4 and CD8 specific Cytokine Assays. IFN-3, and IL-5 were quantitated in cell supernatants by means of two-site ELISA as previously described (3). The cytokines IL-2 and IL-4 were measured using CTLL proliferation assays (3) . Results are expressed as means _+ standard deviations of triplicate points.
Statistical Analysis. The statistical significance of the association of cell proliferation and expression of V/~5 was assessed using Spearman's rank correlation test.
Results

Live Tachyzoites and Soluble Tachyzoite Extract Induce Proliferation ofNormalMurine Splenocytes. Resting spleen cells from
normal, uninfected C57BL/6 mice proliferated strongly when cultured with irradiated ts-4 strain tachyzoites and this response was abolished by heat inactivating the parasites (56~ 30 min) before addition to the cultures ( Fig. 1 A) . Moreover, a high level of cell proliferation was induced using a soluble fraction (STAg) obtained by sonication and centrifugation of tachyzoites ( Fig. 1 B) . Unlike the response to intact parasites, the response to STAg was resistant to identical heat treatment. The above observations suggest that metabolically active tachyzoites are required to deliver the stimulatory parasite molecules to the cell, either through infection or active secretion into the culture supernatant, but that the active molecules themselves are resistant to mild heat treatment.
The proliferation obtained after stimulation with tachyzoites and soluble Ag is not attributable to endotoxin contamination because the response could not be inhibited by polymyxin (5 ~g/ml). Furthermore, the biological activity was lost after incubation at 100~ for 10 min, as well as with proteinase K incubation, evidence that the active molecules themselves are protein rather than LPS (data not shown). In addition, tachyzoites passed three times through C57BL/6 mice continued to stimulate proliferation of C57BL/6 cells demonstrating that the response is triggered by T. gondii rather than contaminating host allogeneic tissue (data not shown). Finally, highly significant parasite-driven proliferation was observed using spleen cells from germ-free (N:NIH-blk) mice (see Table 3 ) arguing that the response is not due to preinfection with a cross-reacting microbial agent.
To further characterize the mechanism by which T. gondii stimulates proliferation of normal splenocytes, we examined whether T lymphocytes respond to SAC bearing parasite Ags. When SAC were cultured overnight with tachyzoites, washed to remove free parasites, irradiated, and added to purified T cells, the latter proliferated strongly (Fig. 1, C) . As expected, uninfected SAC failed to evoke a response. Similarly, SAC preincubated with STAg also stimulated T cells to proliferate (Fig. 1 D) . where CD4 § and CD8 + cells were equally stimulated (Fig.  2) . However, prior removal of CD4 § lymphocytes by treatment with mAb and complement rendered the remaining cells nonresponsive to parasite Ag (data not shown). This observation suggested that CD8 § lymphocyte proliferation was, at least initially, dependent upon CD4 § helper activity, most probably provided by IL-2. In support of the latter hypothesis, it was shown that CD8 + cells (purified by negative selection with mAB and complement) proliferate in response to STAg-pulsed irradiated SAC, but only in the presence of exogenous IL-2 (see Fig. 5 A) . Cultures that were directly stimulated with Ag and parasites and those that were stimulated with preloaded and preinfected SAC were pulsed with [3H]TdR at 96 and 72 h respectively, times predetermined to be optimal for low background and maximum proliferation. Indistinguishable results were obtained using tachyzoites of the tLH strain from which the ts-4 mutant was derived (not shown). When TCR V3 chain usage by parasite-stimulated lymphocytes was examined, we found a striking threefold expansion in CD8 + lymphocytes expressing the V~5.1/5.2 chain after stimulation with live tachyzoites and soluble Ag as determined by two-color flow cytometric analysis (Fig. 3 A) . When recalculated for absolute number of cells, culture with parasite Ag induced a 16-fold increase in CD8+V35 + cells but only a minor increase in CD8 + lymphocytes bearing other V3 chains (for example, 3.5-fold for CD8 +V~6 + cells). We do not presently know the reason for the small increase in CD8 + cells bearing V3s other than V35, but possibilities include presence of a conventional mitogen or nonspecific cytokine-induced proliferation. The small number of CD4 § cells in these cultures were also enriched for V35 expression, although less dramatically so than the CD8 § lymphocytes (Fig. 3 B) . The observed preferential V35 + expansion in these cultures was not an in vitro artifact since SEA stimulation of spleen cells under the same conditions induced the expected increases in VBll-bearing CD4 + and CD8 + lymphocytes with no evidence of V35 expansion (data not shown).
CD8 + Lymphocytes Expressing Vfl5 TCR Are the Major Cell Population Expanded in Response to
In addition to the V35 response, T. gondii also induced a variable and less dramatic increase in CD8 + V314-bearing cells (Fig. 3 A) .
Proliferative Response Is Dependent on MHC Class II IA Molecules. To determine if the proliferative response was mediated through MHC class II molecules, purified T lymphocytes were added to parasite-exposed SAC in the presence of class II-specific mAb. The response to both infected (Fig.  4 A) and Ag-pulsed (Fig. 4 B) SAC was reduced to levels found in the presence of normal SAC by culture with 1/~g/ml anti-IA mAb. The same concentration of an isotype-matched anti-IE mAb failed to effect the response, consistent with the fact that C57BL/6 strain mice do not express functional Ec~E3 molecules. In addition, a mAb to the MHC class I D b molecule failed to block the response.
We next performed mAb blocking experiments on purified CD8 + cells in the presence of infected SAC. Since in this system exogenous IL-2 is required (Fig. 5 A) , the studies were performed in the presence of recombinant cytokine (40 U/ml). Responder cell proliferation was blocked by mAb specific for the CD8 or MHC class II molecules, but not by an isotypematched anti-CD4 mAb nor by a mAb specific for H-2D b (Fig. 5 B) . These results confirm that CD8 + lymphocytes, and not a contaminating cell type, proliferate in response to parasite Ag presented by SAC. Furthermore, they show that the MHC class II IA protein is directly involved in the CD8 + cell response. Fibroblasts were treated with 1% paraformaldehyde, incubated with STAg, then added to purified T lymphocytes. See Materials and Methods for details. This experiment is representative of three performed.
Lack of a Requirement for MHC Class II Haplotype Matching Between Responder and Stimulator Cells. We used MHC class
maldehyde, incubated with STAg, then washed and presented to T cells, the transfectants stimulated strong proliferation of the latter cells in contrast to the parent line, DAP.3 (Fig.  7) . The low level of proliferation induced by DAP.3 may reflect nonspecific Ag carryover and subsequent cross-feeding to APC remaining in the responder population. These results demonstrate that APC presentation of the active parasite molecules to T lymphocytes, while requiring IA molecules, does not require haplotype matching between stimulator and responder populations, and furthermore that IE, which is not expressed in C57BL/6 animals, is able to act as a presentation molecule to responder cells of the latter strain when provided exogenously. Finally, the ability of fixed fibroblasts to present Ag suggests that the response occurs independently of conventional Ag processing. It is unlikely that presentation is due to preexisting peptides in STAg, since these Ag preparations are extensively dialyzed and have previously been shown to lack biologically detectable MHC binding low molecular weight molecules (11) .
Parasite-stimulated T Lymphocytes Selectively Produce IFN-7.
When cytokines present in the supernatants of 7-d cultures of T. gondii-stimulated splenocytes were assayed, high levels of IFN-y were observed after either tachyzoite or soluble Ag stimulation (Table 1 ). In contrast, neither IL-2, IL-4, nor IL-5 were detected although Con A stimulated production of these cytokines in control cultures. were obtained by treatment with mAb plus complement. CD8 + cells (90% purity) were similarly obtained followed by passage over anti-mouse Ig-Sepharose. See Materials and Methods for details. Cells were infected with 2 x 107 15-kR irradiated ts-4 tachyzoites. fl ng/ml, measured at day 6 of culture. The observed IFN-'y response stimulated by T. gondii was almost completely abolished by T cell depletion (92% reduction) but was only minimally affected by anti-NKl.1 treatment (20% reduction) ( Table 2 , Experiment 1) arguing against NK cells (15) as the major source of the cytokine in these cultures. Direct evidence that CD8 + cells produce IFN-'y in response to parasite stimulation is shown in experiment 2 ( Table 2) . As was the case for proliferation (Fig. 5 A) , purified CD8 + lymphocytes produced high levels of the cytokine in response to infected SAC, but only when IL-2 was added. As expected, lymphokine secretion was abrogated with the inclusion of anti-CD8 mAb (1/~g/ml), demonstrating that the IFN-y originates from the CD8 + lymphocytes which constitute the majority of the cell population. The similar level of cytokine produced by purified T cells (Table 2 , Experiment 1) and CD8 § lymphocytes (Experiment 2) suggests that the latter cells are the major IFN-3' producers in the Ag-stimulated cultures. Nonetheless, the results do not formally exclude the possibility that residual CD4 + lymphocytes contribute to a portion of the IFN-'y produced.
Parasite-induced Proliferative Response Correlates with the Level of Vfl5 Expression in Inbred Mouse
Strains. Inbred mice delete to varying degrees V~5-bearing cells during lymphopoiesis, giving rise in many cases to extremely low levels of peripheral T lymphocytes bearing this particular TCR chain. This phenomenon is now know to codepend upon expression of MHC class II IE molecules and the endogenous retroviruses Mtv-9 and Mtv-6 (16) (17) (18) (19) (Table 3 ). Based on these observations and the data presented above, we predicted that parasite-driven T cell proliferation would be directly related to the degree of expression of peripheral V~5 + lymphocytes 991 Denkers et al.
in a given mouse strain. Indeed, we found a highly significant association between VB5 expression and proliferation using infected SAC and 2 x 10 s (p •0.015) or 10 s (p ~0.002) T lymphocytes of different mouse strains (Table 3 ). In contrast, there was no significant correlation between proliferation and VB5 expression in control cultures polyclonally stimulated with anti-CD3 mAb, indicating that the low proliferation of some strains after T. gondii stimulation cannot be attributed to a generally diminished T cell responsiveness.
Discussion
The results presented in this paper demonstrate a superantigen activity associated with live T. gondii tachyzoites as well as soluble molecules derived from these parasites. To our knowledge these data provide the first evidence of a superantigen expressed by a protozoan pathogen. The proliferation induced by tachyzoites and STAg does not appear to reflect a conventional primary immune response, as has recently been reported for the interaction of Trypanosoma cruzi with human PBL (20) and Leishmania major with mouse T cells (21) , for the following reasons. First, a class II molecule is involved in presentation of Ag to CD8 + cells in this system, and whereas conventional Ag is presented to CD8 + lymphocytes in association with MHC class I molecules, superantigens such as staphylococcal enterotoxins are able to stimulate CD8 + cells through class II glycoproteins (22) (23) (24) . Second, T cells bearing V~5 TCR are selectively expanded after culture with Toxoplasma, and mouse strains expressing low levels of this particular VB chain display correspondingly low proliferation after stimulation with T. gondii. Third, fibroblasts transfected with allogeneic MHC class II molecules can present parasite Ag to T cells. Finally, the response does not require conventional Ag processing since paraformaldehyde-fixed APC are able to present soluble Ag to responder lymphocytes. Whereas previously described microbial and viral superantigens stimulate CD4 § or CD4 § in conjunction with CD8 + cells (7), the superantigen activity in T gondii is unusual in that CD8 § lymphocytes are selectively expanded. Although the mechanism underlying this phenomenon is unclear, it is possible that whereas both subsets initially respond, CD8 + lymphocytes either multiply faster or produce a factor that inhibits growth of CD4 + cells. Whatever the explanation, it is noteworthy that several investigators (25) (26) (27) (28) have reported an increase in CD8 + over CD4 § cells during toxoplasmosis in both mice and humans, possibly providing an in vivo correlate of the observations reported here. Our in vitro system may thus provide a means of dissecting the mechanisms underlying the preferential induction of CD8 + lymphocytes in these cases.
Whereas CD4 + lymphocytes do not persist in culture, their role in the superantigen-driven response is not superfluous. Thus, removal of these cells before Ag stimulation renders the remaining CD8 + cells nonresponsive unless exogenous IL-2 is supplied (Fig. 5) . It would seem likely, therefore, that CD4 + lymphocytes provide CD8 § cells with an IL-2-mediated helper function in this in vitro system. Indeed, preliminary evidence (not shown) indicates that Abmediated neutralization of IL-2 with mAb blocks the proliferative response. The CD4 + dependency of CD8 + proliferation mimics responses seen in ts-4-vaccinated mice (3, 5) and animals chronically infected with ME49 (2), in that CD4 § cells appear to augment, or synergize with, CD8 + effector function. The experiments reported here suggest a mechanistic basis for the requirement of CD4 + cells in CD8 § lymphocyte function, and demonstrate that the CD4 § dependency can be traced back to the earliest stages of contact between T. gondii and cells of the immune system.
The immune response that develops after T. gondii infection is characterized by rapid development of strong protective cell-mediated immunity that is highly dependent upon IFN-3' during both acute and chronic phases of infection (2) (3) (4) 29) . In immunologically intact mice, most of this cytokine appears to derive from CD8 + and Thl-type CD4 + cells (3, 30) . Indeed, the effectiveness of Toxoplasma in inducing protective immunity most probably lies in its ability to selectively stimulate this arm of the immune system, and determining how this polarized state is achieved is an issue of considerable importance within the context of vaccine development. One way of driving the immune system to this response phenotype is by the early T. gondii-induced production of IFN-3,, since this cytokine promotes development of both Thl and CD8 + cells (31, 32) . Indeed, during murine L. major infection, development of the resistant Thl phenotype is dependent upon early NK cell production of IFN-y (33, 34) , and recent results from our laboratory demonstrate that T. gondii also stimulates NK cell IFN-y production through an IL-12-dependent mechanism (13, 15, 35) . The results of this paper suggest that superantigen-driven stimulation of CD8 + cells could provide an additional early source of IFN-3,, and it is perhaps the combination of these two factors that leads to the remarkably strong cell-mediated response elicited by Toxoplasma.
Our results (Table 3) show a highly significant correlation between V35 expression by different inbred mouse strains and the ability of nonimmune T cells to respond to parasite superantigen. In addition to confirming the association of proliferation with V35 expression, these data argue against V35 expansion being driven by Mtv-6 or Mtv-9 induced as a result of T. gondii infection for the following reasons. First, Mtv-6 and Mtv-9 require IE to mediate their effects (16) (17) (18) (19) , and this is not the case for the activity described here. In addition, Mtv-9 reacts with V35 and V311-bearing lymphocytes (36), and we see no evidence for expansion of the latter subset in our experiments. Finally, several of the mouse strains examined lack Mtv-6 yet still respond. Nevertheless, we cannot formally exclude the possibility that the effects observed here result from parasite-induced expression of a previously undescribed endogenous superantigen.
It is interesting to note that by comparing our findings with inbred strain surveys performed by others (1, 37, 38) , it appears that the mouse strains most susceptible to T. gondii, as defined by increased mortality, tend to be those expressing high levels of V35. Thus, for example, C57BL/6 mice have high V35 expression and are susceptible to infection, whereas BALB/c mice, having low levels of V35, are resistant. These differences in susceptibility have been ascribed in the past to classical MHC gene effects (1, 37, 38) . Our data, however, suggest an alternative mechanism of MHC influence on infection in which the class II IE gene acting in concert with the appropriate endogenous retroviruses could exert an indirect effect by mediating deletion of V35-bearing cells. As a result of this deletion the mouse would be protected against the potentially harmful consequences of a superantigen-driven response. In this model, the response induced by the T. gondii superantigen activity, in analogy with those driven by bacterial enterotoxins, would be detrimental as opposed to beneficial to the host (39) . Further studies examining the relationship between superantigen responsiveness and parasiteinduced pathology are necessary to formally test the latter hypothesis.
In addition to the potential effects of the T. gondii superantigen activity in determining the response phenotype of parasite-specific immunity, it is possible that congenitally acquired or chronic toxoplasmosis could lead to elimination or anergy of V35+-bearing lymphocytes, as has been described for other superantigens (40) (41) (42) (43) . Indeed, preliminary data from our laboratory in which T cells from infected mice appear to lose their responsiveness to anti-V35 stimulation support this hypothesis. Such an occurrence in human populations, where the Toxoplasma infection rate is 30-80% (44), could have important clinical consequences. Indeed, recent evidence suggests that T. gondii has superantigen-like effects on human lymphocytes (Drs. McLeod, R. and D. Mack, personal communication), and consistent with superantigeninduced deletions in the T cell repertoire, congenitally infected infants display lowered T cell responses to T. gondii in vitro (45) . Thus, individuals may undergo altered immune responses as a result of T. gondii-induced changes in the T cell repertoire, a phenomenon that might profoundly affect the ability of individuals to control Toxoplasma infections as well respond to other diseases. Such unresponsiveness should be genetically linked to the alleles determining the TCR specificities responsible for superantigen recognition thereby providing a possible explanation for the variable manifestation of congenital toxoplasmosis in exposed individuals.
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